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ABSTRACT
We measured the thermonuclear burning efficiency as a function of accretion rate for the
Type I X-ray bursts of five low-mass X-ray binary systems. We chose sources with measured
neutron star spins and a substantial population of bursts from a large observational sample.
The general trend for the burst rate is qualitatively the same for all sources; the burst rate
first increases with the accretion rate up to a maximum, above which the burst rate declines,
despite the increasing accretion rate. At higher accretion rates, when the burst rate decreases,
the α-value (the ratio of accretion energy and burst energy) increases by up to a factor of 10
above that in the rising burst rate regime. These observations are contrary to the predictions of
1D numerical models, but can be explained as the consequence of a zone of stable burning on
the neutron star surface, which expands with increasing accretion rate. The stable burning also
“pollutes” the unstable burning layer with ashes, contributing to the change in burst properties
measured in the falling burst rate regime. We find that the mass accretion rate at which the
burst rate begins to decrease is anti-correlated with the spin of the neutron star. We conclude
that the neutron star spin is a key factor, moderating the nuclear burning stability, via the local
accretion rate and fuel composition over the star.
Key words: nuclear reactions, nucleosynthesis, abundances – stars: neutron – X-rays: bursts
– stars: individual: KS 1731–260, Aql X–1, EXO 0748–676, 4U 1636–536, 4U 1608–522
1 INTRODUCTION
Type I X-ray bursts are nuclear flashes that take place on the sur-
face of neutron stars in low mass X-ray binary systems. These sys-
tems harbour a companion with a mass smaller than, or compa-
rable to, that of the neutron star. The companion fills its Roche
Lobe and thus loses matter to the neutron star, feeding an accretion
disc. Matter from the disc subsequently falls onto the neutron star
and spreads across its surface. This fresh material, coming from
the outer layers of the companion, can contain hydrogen, helium
and metals that all can burn through nuclear reactions (Lewin et al.
1993).
When the right conditions of pressure and temperature are
met, the cooling processes cannot compensate for the heat re-
leased by the reactions and the burning becomes unstable, lead-
ing to a thermonuclear (Type I) X-ray burst. Several authors have
estimated the conditions for instability for different fuel com-
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positions and accretion rates based on theoretical considerations
(see, e.g., Bildsten 1998; Narayan & Heyl 2003; Cumming 2003;
Woosley et al. 2004; Cooper & Narayan 2007a; Heger et al. 2007b;
Keek & Heger 2011; Lampe et al. 2016; Keek & Heger 2016).
Some of the important predicted observables are the burst rate and
the accretion at which the bursts should stop (the burning becoming
stable). In particular, theory consistently predicts that the burst rate
should increase with increasing local accretion rate, since the con-
ditions for instability should be met earlier. Above some critical ac-
cretion rate, the bursts should cease, because the burning becomes
stable and can proceed sufficiently fast to consume all the freshly
accreted fuel.
Observations, however, show that this is not the case. Instead,
many sources show a critical accretion rate above which the burst
rate begins to decrease (van Paradijs et al. 1988; Cornelisse et al.
2003; Galloway et al. 2008; Grebenev & Chelovekov 2018). The
rate may continue to decrease over a substantial range of accretion
rates before the bursts disappear completely. For example, see Fig-
ure 1. There are indications that this critical accretion rate becomes
c© The Authors
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lower as the spin of the neutron star increases (Galloway et al.
2018). Another marked discrepancy with theory is the fact that the
disappearance of the bursts happens at ∼ 0.1 times the Eddington
accretion rate and not at the Eddington accretion rate, as predicted
(e.g. Bildsten 1998). Part of these discrepancies may come from
the uncertainties in the nuclear reaction rates, for example of the
key 3α rate, but even within the allowed experimental uncertainties
theory cannot meet the observations (see for example Keek et al.
2014; Cyburt et al. 2016; see Meisel et al. 2018 for a review).
Proposed explanations for the decreasing burst rate include
geometrical effects that would change the effective local accre-
tion rate, and thus the burst rate, whereas the global accretion
rate continues to increase (Bildsten 1998). Such an explanation,
however, would lead to an even higher discrepancy with the pre-
dicted accretion rate of final stabilisation. Another possible solu-
tion comes from the effects of extra heat sources near the burn-
ing layer, which may both stabilise or accelerate the occurrence
of bursts (Type I and longer ones). This direction is very promis-
ing, since a similar heat source deeper in the crust seems to be
needed also from observations of the cooling curves of neutron
stars (Brown & Cumming 2009; Wijnands et al. 2017), but it intro-
duces the problem of the origin of this heat: the so called shal-
low heating problem. A possible origin could be kinetic energy
dissipated at the spreading layer where disc matter touches the
neutron star (Inogamov & Sunyaev 1999). Detailed simulations are
needed, however, to quantify this effect. Another possible source
is further nuclear reactions or kinetic energy dissipative effects
near the burning layer (e.g. Brown 2004; Cooper & Narayan 2005;
Cumming et al. 2006; Piro & Bildsten 2007; Keek et al. 2009;
Keek & Heger 2011). Furthermore, even the heat from previous
bursts as well as ”chemical inertia” (Woosley et al. 2004) is also
very important, as demonstrated by the train of simulations by
Johnston et al. (2018) modelling the bursts from the accretion-
powered millisecond pulsar SAX J1808.4–3658.
Some possible solutions have also been studied using one-
zone or one-dimensional (1D, radial) models. Piro & Bildsten
(2007) and Keek et al. (2009) explored the effects of composition
and mixing in 1D analytical and numerical calculations, respec-
tively, finding encouraging results. Another explanation put for-
ward for the decreasing burst rate is the delayed detonation regime
of Narayan & Heyl (2003). This regime, however, has not been re-
produced by other softwares, notably KEPLER (Keek et al. 2014,
see also the notes in Cooper & Narayan 2007b) nor confirmed by
experimental observations1. An additional complication is that dif-
ferences in local effective gravity with latitude, due to the rotation
of the star, may change the stabilisation conditions and lead to the
observed behaviour, as suggested by Cooper & Narayan (2007a).
The dependence on gravity, however, is weak and its change with
latitude is at most a few percent, implying that this explanation
might only work for fast rotators with ν >∼ 600Hz.
A further piece of evidence supporting the role of stable burn-
ing in explaining the decreasing burst rate, is the presence of milli-
Hertz quasi-periodic oscillations (mHz QPOs) in some burst ob-
servations. These QPOs were first detected in 4U 1636–536 by
Revnivtsev et al. (2001), who associated them with some kind of
nuclear burning. Heger et al. (2007a) proposed that they arise from
“marginally stable” burning, which is present at accretion rates
1 While it is true that Lampe et al. (2016) saw a qualitatively similar be-
haviour in their KEPLER simulations, this was within a very narrow range
of mass accretion rate.
close to the boundary for stability, as first suggested by Paczynski
(1983). The plausibility of this interpretation was further rein-
forced by Altamirano et al. (2008), who found that in 4U 1636–
536 the QPOs disappeared before the onset of Type I bursts and by
Linares et al. (2012), who observed the transition of regular bursts
into mHz QPOs for the source IGR J17480–2446 (in the globular
cluster Terzan 5). In 4U 1636–536, however, this transition does
not seem to take place at the theoretically expected mass accretion
rate. Keek et al. (2009) suggested that mixing of ashes with fresh
accreted fuel could explain the presence of mHz QPOs at different
accretion rates, and their semi-analytical models agree relatively
well with the observations of Altamirano et al. (2008). However,
Keek et al. (2014), who ran various simulation changing compo-
sition and the reaction rates within experimental errors, were not
able to obtain mHz QPOs at the observed accretion rates for any
“reasonable” fuel composition or reaction rates.
In Cavecchi et al. (2017) we used simplified analytical rela-
tions to move beyond 1D considerations. We showed how different
conditions on the surface of the neutron star, in particular a vari-
ation of composition along latitude, due perhaps to rotationally-
induced mixing, could lead to early stabilisation of some parts of
the star, while other parts still contribute to the bursting behaviour.
Using our parametrisation we showed which specific configura-
tions could resolve the apparent dichotomy between one dimen-
sional theoretical predictions and the observations, and how to con-
nect observed parameters with theoretical ones. In a parallel study,
we showed that the accretion rate at which the burst rate reached
a maximum depends on the spin rate of the bursting neutron star
(Galloway et al. 2018). Specifically, the accretion rate at burst-rate
peak (where it can be measured) decreases with increasing spin
rate; this effect is the opposite of what would be expected if rota-
tional shear was contributing additional heat resulting in stabilisa-
tion of the thermonuclear burning (Inogamov & Sunyaev 1999).
In this paper, we present our study of the ample sample of
available burst data for indications in support of our picture: in
Section 2 we describe the sources and the observations we used,
in Section 3 we present our results and in Section 4 we discuss our
conclusions.
2 OBSERVATIONS AND ANALYSIS
2.1 Source data
Our analysis is based on the public data available in the Multi-
INstrument Burst ARchive (MINBAR; Galloway et al. 2020).
MINBAR includes more than 7000 bursts detected by past and
present X-ray instruments onboard BeppoSax, RXTE and INTE-
GRAL. The available data provide a homogeneous analysis of both
the bursts and the host observations, with coverage that extends
over many years and, in some cases, over a wide range of accretion
rates. The specific parameters we used for the bursts were the es-
timated accretion rate and bolometric fluence (gamma, bfluen)
and, for the observations, the estimated accretion rate and duration
(gamma, exp). See the MINBAR paper (Galloway et al. 2020) for
a complete description of how these parameters are derived.
We report results for the sources listed in Table 1. We have
chosen these sources for two reasons: first, these sources show a
decrease in burst rate while the mass accretion rate still increases
and, second, their spin frequency has been measured from the de-
tection of burst oscillations (see references in Table 1). The sources
are: KS 1731–260 with ν = 524Hz; Aql X–1 with ν = 549Hz;
MNRAS 000, 1–9 ()
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Source ν [Hz] Porb[hr] nb Exposure (Ms) cbol ξp/ξb
KS 1731–260 a 524 f ? k 366 18.8 1.62± 0.13 0.809/0.898
Aql X–1 b 549 g 18.9 l 96 7.49 1.65± 0.10 0.809/0.898
EXO 0748–676 c 552 h 3.82 m 357 22.9 1.6± 0.3 7.27/1.639
4U 1636–536 d 581 i 3.8 n 664 11.4 1.51± 0.12 0.809/0.898
4U 1608–522 e 620 j 12.9? o 145 11.7 1.59± 0.13 0.809/0.898
a
Sunyaev & Kwant Team (1989). b Lewin et al. (1976). c Parmar et al. (1985).
d
Swank et al. (1976). e Belian et al. (1976).
f
Smith et al. (1997). g Zhang et al. (1998). h Galloway et al. (2009).
i
Strohmayer et al. (1998). j Muno et al. (2002).
k
Unknown, but Muno et al. (2000) suggest that it could be ∼ 1 hr.
l
Chevalier & Ilovaisky (1991). m Crampton et al. (1986). n van Paradijs et al.
(1990). o Wachter et al. (2002).
Table 1. Sources adopted for analysis in this paper, along with the relevant analysis parameters: spin frequency, ν; orbital period, Porb; number of bursts, nb;
total exposure; bolometric correction, cbol, and anisotropy correction, ξp/ξb (see text for details and Galloway et al. 2020).
EXO 0748–676 with ν = 552Hz; 4U 1636–536 with ν = 581Hz
and 4U 1608–522 with ν = 620Hz. These are transient sources
with a range of orbital periods: possibly ∼ 1 hr, 19 hr, 3.82 hr,
3.8 hr, and 12.89 hr (see references in Table 1).
For each source, we calculated the burst rate as a function of
the inferred accretion rate, following Galloway et al. (2018). The
estimated accretion rate for each observation in MINBAR is given
by γ (gamma), the estimated bolometric persistent flux, rescaled by
the measured Eddington flux (using photospheric radius-expansion
bursts). The γ-factors also take into account the expected effects of
anisotropy of the burst and of the persistent emission. We grouped
the bursts into bins of 25 or 50, choosing the larger value for
sources with more bursts over all, and estimated the rate within
each bin as
Ri =
ni∑
j
∆tj,i
(1)
where ni is the number of bursts with γ values falling in bin i,
and
∑
j
∆tj,i is the total exposure for all the observations with γ
values falling in bin i. We excluded so-called “short recurrence-
time” bursts by excluding those events occurring < 30 min before
the previous one. These events are thought to arise from ignition
of residual fuel from the previous event and are not representative
of the conventional ignition conditions we study here (Keek et al.
2010). We estimated the uncertainties in each bin based on the ex-
pected Poisson variance of the number of bursts falling in each bin.
The efficiency of burning is usually estimated via the param-
eter α, that is defined as the ratio between the average energy re-
leased by the persistent emission between the bursts and the energy
released during the bursts:
α =
Epers
Ebur
=
Qgrav
Qnuc,burst
(2)
where Qgrav = c
2z/(1 + z) ≈ GMNS/RNS is the energy re-
leased through accretion and Qnuc,burst is the nuclear burning en-
ergy released during the burst. α is higher when the energy released
during the bursts becomes smaller. For example, the efficiency can
be reduced when the nuclear reactions produce less stable nuclei,
or when some fraction of the accreted matter burns stably between
bursts and hence less remains available during the unstable flashes.
The α-value is usually estimated by integrating the flux be-
tween the bursts and then dividing it by the integrated flux (the
fluence) of the bursts. However, since both the persistent and
burst emission are affected by the geometry of the source (e.g.
He & Keek 2016), the measured value will be biased compared
to the theoretical value α defined above. For the purposes of this
study, we estimated the average ratio of persistent to burst lumi-
nosity, αi, within each bin, as follows. We extracted from MIN-
BAR the bolometric fluence Eb for each burst in the sample,
where available. Fluence measurements are not available for some
bursts, including those with incomplete data, or those detected with
INTEGRAL/JEM-X. For those missing fluences we assumed values
equal to the average of those in the same bin with measured values.
We then estimated the alpha value as
αi =
cbol
∑
j
Fp,j,i∆tj,i
∑
k
Eb,k,i
ξp
ξb
(3)
where Fp,j,i and ∆tj,i are the 3–25 keV persistent X-ray flux and
duration of each observation falling into bin i, and Eb,k,i is the
estimated bolometric fluence of each burst falling in bin i. As the
persistent flux measurements are made within a restricted energy
range of 3–25 keV, we multiply by a bolometric correction factor
cbol, which is adopted for each source from MINBAR. We also
correct for the expected anisotropy of the burst and persistent emis-
sion, by multiplying by the ratio ξp/ξb, as adopted for the specific
source type (dipper/non-dipper, see Galloway et al. 2020, based on
He & Keek 2016).
2.2 Burst rate fitting
We call first and second branch the regimes when the burst rate first
increases and then decreases. Following Cavecchi et al. (2017), we
seek to identify the conditions for each system when the second
branch begins. We refer to these inflection points as the critical
mass accretion rate, burst rate and α: M˙c, Rc and αc, respectively.
We fit the log base ten of the burst rate versus the log base ten of
the accretion rate.
We also fit the log base ten of α versus the log burst rate. The
fits are linear regressions in log space, one for each branch. Moti-
vated by the idea that different local composition should affect the
burning and thus both burst rate and α (Cavecchi et al. 2017) and
noticing similar inflection points in the observations for the mea-
sured α values, the fits are performed simultaneously, enforcing
MNRAS 000, 1–9 ()
4 Y. Cavecchi et al.
KS 1731–260, ν = 524
−2.0 −1.5 −1.0 −0.5
−2.00
−1.75
−1.50
−1.25
−1.00
−0.75
−0.50
−0.25
lo
gR
First branch
Second branch
−2.00 −1.75 −1.50 −1.25 −1.00 −0.75 −0.50 −0.25
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
lo
gα
First branch
Second branch
Aql X–1, ν = 549
−2.0 −1.5 −1.0 −0.5
−2.00
−1.75
−1.50
−1.25
−1.00
−0.75
−0.50
−0.25
lo
gR
−2.00 −1.75 −1.50 −1.25 −1.00 −0.75 −0.50 −0.25
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
lo
gα
EXO 0748–676, ν = 552
−2.0 −1.5 −1.0 −0.5
−2.00
−1.75
−1.50
−1.25
−1.00
−0.75
−0.50
−0.25
lo
gR
−2.00 −1.75 −1.50 −1.25 −1.00 −0.75 −0.50 −0.25
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
lo
gα
4U 1636–536, ν = 581
−2.0 −1.5 −1.0 −0.5
−2.00
−1.75
−1.50
−1.25
−1.00
−0.75
−0.50
−0.25
lo
gR
−2.00 −1.75 −1.50 −1.25 −1.00 −0.75 −0.50 −0.25
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
lo
gα
4U 1608–522, ν = 620
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Figure 1. The burst rate as a function of accretion rate (left column) and α as a function of burst rate (right column) for each source analysed in this paper.
The measured values from MINBAR are plotted with Poisson errors assumed (blue symbols). The model fits described in Section 2.2 are overplotted (orange
lines). The grey areas in the first column of the plot for 4U 1636–536 indicate the accretion rates for which mHz QPOs have been detected, as reported by
(Lyu et al. 2015).
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source
(ν [Hz])
mr 1 mr 2 mα 1 mα 2 log M˙c logRc logαc ReslogR Reslog α
KS 1731–260
(524)
0.73+0.27
−0.27 −1.02
+0.21
−0.24 −0.61
+0.34
−0.39 −1.99
+0.20
−0.25 −1.07
+0.06
−0.05 −0.34
+0.05
−0.05 1.59
+0.08
−0.10 0.11 0.04
Aql X–1
(549)
1.11+2.94
−0.60 −2.17
+1.29
−2.98 −0.61
+0.41
−0.37 −1.23
+0.34
−0.40 −1.13
+0.30
−0.39 −0.41
+0.20
−0.17 2.39
+0.21
−0.33 0.01 0.04
EXO 0748–676
(552)
2.50+0.43
−0.55 −0.68
+0.15
−0.67 −0.36
+0.24
−0.36 −1.17
+0.51
−0.45 −0.89
+0.13
−0.01 −0.26
+0.25
−0.04 2.15
+0.08
−0.25 0.28 0.03
4U 1636–536
(581)
1.57+1.02
−1.02 −1.62
+0.22
−0.27 −0.46
+0.37
−0.52 −1.50
+0.13
−0.15 −1.29
+0.06
−0.03 −0.25
+0.05
−0.06 1.58
+0.08
−0.08 0.10 0.11
4U 1608–522
(620)
2.85+0.87
−0.82 −2.01
+0.72
−0.54 −0.67
+0.23
−0.24 −1.14
+0.24
−0.28 −1.36
+0.06
−0.09 −0.20
+0.10
−0.17 1.44
+0.20
−0.16 0.48 0.08
Table 2. Source name, spin and results of the fit of Eqs. (4) - (7) following the procedure described in Section 2.2. The last two columns are the root mean
square of the fit residuals of logR vs log M˙ and logα vs logR. The values for the second branch of EXO 0748–676 should be treated with care because we
only have one data point on this branch.
that the critical burst rate Rc corresponding to the turning point of
the two lines on the M˙ −R plane is the same on the R − α plane.
Effectively, we assume that
logR = mr 1 log M˙ + nr 1 (4)
logR = mr 2 log M˙ + nr 2 (5)
and
logα = mα 1 logR + nα 1 (6)
logα = mα 2 logR + nα 2 (7)
with nr 1 = logRc −mr 1 log M˙c, nr 2 = logRc −mr 2 log M˙c,
nα 1 = logαc −mα 1 logRc, nα 2 = logαc − mα 2 logRc. We
fit formr 1,mr 2, log M˙c, logRc, logαc,mα 1 and mα 2 for each
source.
3 RESULTS
In Figure 1 we show the variation in burst rate and efficiency.
Each row corresponds to one of our sources, in order of increas-
ing spin from top to bottom. In the first column we show the burst
rate as a function of the accretion rate. The behaviour observed by
Cornelisse et al. (2003) is apparent: the burst rate divides into two
branches, one is increasing and the other is decreasing. We also
show the best-fit curves from the model described in Section 2.2,
using the fit parameters listed in Table 2. The data is of sufficient
quality for each source to constrain the accretion rate at which the
burst rate peaks. The only potential exception is EXO 0748–676,
for which the second branch is insufficiently resolved to draw firm
conclusions, with only one burst rate bin for accretion rates above
the burst rate peak.
The second column of Figure 1 shows the variation of the
measured α-value as a function of burst rate and the correspond-
ing model fits. The increase of α with increasing accretion rate
was noted before (see e.g. van Paradijs et al. 1988; Cornelisse et al.
2003), but we have found that also α displays two branches. Where
the burst rate is increasing, i.e. on the first branch, α is constant or
slowly decreasing, meaning a higher fraction of the nuclear energy
of the accreted material is released in the bursts. On the second
branch, where the burst rate decreases, all sources consistently dis-
play an increase in α, implying less nuclear energy is released in
the bursts. Most importantly, the α from this second branch does
not follow the α from the first branch, but it has a significantly
steeper slope, indicating substantially smaller fraction of the nu-
clear energy being released by the bursts on this branch.
We propose that this decrease of the relative “bursting effi-
ciency” is mainly the result of two factors, which both arise from
stabilisation of the burning on a growing fraction of the star, most
probably around the equator. First, the stable burning at the equa-
tor produces more ashes which may pollute the rest of the star and,
second, because the equator contributes to the persistent emission,
a smaller surface area of the star contributes to the burst energy,
thus increasing α as per Eq. (2).
We also attempted to corroborate our explanation based on sta-
ble burning with the presence of mHz QPOs. In their study of the
mHz oscillations detected in 4U 1636–536, Lyu et al. (2015) tab-
ulated each RXTE/PCA observation in which mHz oscillations are
present, observations which are also part of the MINBAR sample.
Thus, in the first column of Figure 1 for 4U 1636–536 we plotted
grey areas at the accretion rates where the mHz QPOs have been
detected. Unfortunately, no such information is available for the
other sources in our study.
4 DISCUSSION AND CONCLUSIONS
4.1 A wake of stabilisation
We measured the burst rate and α as a function of accretion rate
for the five sources KS 1731–260, Aql X–1, EXO 0748–676, 4U
1636–536 and 4U 1608–522. These are shown in Figure 1, where
the sources are arranged by increasing spin from top to bottom.
The most striking feature is the division into two regimes, both
for burst rate and α, which we termed first and second branch. The
first branch approximately follows the predictions of 1D models,
while the second does not. It is remarkable that while on the first
branch the burst α decreases slightly with accretion rate and burst
rate, on the second branch α increases markedly with accretion rate,
contrary to 1D predictions.
In Cavecchi et al. (2017) we started from the premise that one
could consider the surface of the neutron star as a series of 1D
(radial) models located at different latitudes, each characterised by
a different composition and thus different intrinsic burst rate and
stabilisation critical local accretion rate. As a corollary, a different
local α is to be expected as well. We then explained the decreasing
burst rate on the second branch as the stabilisation of the highest-
MNRAS 000, 1–9 ()
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rate latitude and the progressive switching to the burst rate of the
other latitudes. Most likely, based on observed parameters and ac-
cretion theory, the equator has initially the fastest burst rate, but it
is also the latitude that stabilises first (see cases a or c of Figures 4
and 5 in Cavecchi et al. 2017, and references therein).
To clarify terminology in the ensuing discussion, we distin-
guish between “steady” and “stable” burning. We refer to steady
burning as the temperature- and density-insensitive burning of hy-
drogen by the β-limited CNO cycle; and to stable burning for
usual temperature- and density-dependent burning processes, such
as the 3α-, αp- and rp- processes, when encountered in a stable
fashion as in 1D models at about local Eddington accretion rate
(Heger et al. 2007a; Zamfir et al. 2014). The stable helium burning
of Keek & Heger (2016) would fall in the second regime, but is
somewhat different and not relevant here.
On the first branch, the trend of increasing burst rate with in-
creasing accretion rate is consistent with the predictions from the
1D models. On the second branch, the growing role of steady burn-
ing as the accretion rate increases explains both why the burst rate
does not apparently follow 1D predictions, and why the measured
α-value increases so dramatically. We propose the higher α-values
in the second branch can be understood as the combination of sev-
eral effects. First, α is indeed higher for lower burst rate (1D mod-
els), because the fuel composition at ignition is more H-poor due to
the effects of steady burning over longer inter-burst intervals. Sec-
ond, the persistent emission increases due to the contribution from
stable burning over the part of the surface that passed the stabilisa-
tion critical local accretion rate (2D effect). Third, the bursts release
less energy because a greater fraction of the accreted material has
been burned stably (2D effect). Fourth, the composition of the lat-
itudes that drive the bursting on the second branch has an intrinsic
higher α due to the composition at those latitudes (2D effect plus
different mixing effects at different latitudes).
In support of our explanation, we note that for 4U 1636–536,
mHz QPOs appear precisely where we expect stabilisation to be
about to begin: on the first branch, right before the peak of the burst
rate. The mHz QPOs also remain present for almost all the second
branch, where we expect the wake of stabilisation to be moving to-
wards the poles. In our interpretation, the increase of burst α with
accretion rate on the second branch is the result of ignition of more
polluted fuel towards the poles, while a growing region around the
equator is transitioning to stable burning. The mHz QPOs could be
ignitions that take place at the latitude of the boundary between the
stable and the unstable burning regions. As long as bursts are ob-
served, there should be such a boundary, which would explain the
presence of mHz QPOs all the way down the second branch. The
different local conditions of mass accretion rate and composition at
the different latitudes could then be the missing factor to link 1D
simulations of mHz QPOs to observations.
4.2 The latitude of stabilisation
One could make a simplifying assumption to measure the effects
of stabilisation and locate the stabilisation latitude. Let’s assume
that for a given accretion composition the local intrinsic α is just
a function of burst rate, basically equivalent to saying that there
is the same composition across the whole surface all the time. If
we say that the total burst energy in Eq. (2) is proportional to the
area burning unstably, we could write Ebur = ǫburst4πR
2
∗
(1 −
sinλc). Here ǫburst is the energy released per unit surface and we
assume symmetry between the northern and southern hemispheres.
λc is the lowest latitude where burning is unstable. When the entire
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Figure 2. The estimated ignition latitude based on Eq. (8). The blue dashed
line indicates the equator, where ignition is expected to take place on the
first branch. The solid orange lines indicate the ignition latitude on the sec-
ond branch. The dotted segments show the accretion rate at which the sec-
ond branch starts. The fact that higher spin correlates with an early wake of
stabilisation can be seen. The line for EXO 0748–676 is dashed to indicate
the uncertainty on the accretion rates for this source.
surface is burning unstably (as we expect in the first branch), λc =
0, corresponding to the equator. When the burning stabilises on the
equator, λc > 0 and we expect to measure an α-value on the second
branch given by:
α2 =
α1(R)
1− sinλc
(8)
where α1 is given by Eq. (2) and it is to be assumed a function of
burst rate only, so that the scaling is given by the difference in the
areas involved in stable and unstable burning. In order to apply this
formula to our data, we make use of the fitted relations derived in
Section 2. Through those relations we map log M˙ to logR and this
to logα on the two branches. We then invert Eq. (8) to obtain the
latitude of the wake of stabilisation from the ratio of the αs on the
two branches corresponding to the same burst rate. This is plotted in
Figure 2. Aql X–1, EXO 0748–676 and 4U 1608–522 seem to reach
up to λc ∼ 40–50 degrees, whereas the other sources seem to go
up to λc ∼ 60 degrees. This dichotomy can be due to observational
biases or to intrinsic differences in the accreted composition in the
various systems (see the discussion in Section 4.3).
This measure is just a first approximation, because it neglects
the possible role of varying local fuel composition, that are diffi-
cult to include without extensive modelling and further fitting, that
is beyond the scope of this paper. First of all, the simple formula of
Eq. (8) neglects the effects of a wider spreading layer due to higher
accretion rate (Kajava et al. 2014), which is difficult to quantify. As
for which profile of composition to expect at various latitudes, we
pose the following speculation. If new material lands only around
the equator, the Coriolis force will confine it up to a latitude that de-
pends on the spin (see Eq. 23 of Cavecchi et al. 2015) and it would
be difficult to bring fresh material northward and southward, at least
considering only 2D (Cavecchi & Cumming, in prep.). The higher
latitude composition would therefore be closer to nuclear ashes.
However, the baroclinic instability, which was found to be relevant
during the bursts (Cavecchi & Spitkovsky 2019), could break the
confinement. Even so, the faster the rotation, the harder it could be
to reach higher latitudes (see discussion in Cavecchi & Spitkovsky
2019 about the extent of the instability effects). Detailed simula-
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tions should also quantify better how to connect the global accre-
tion rate to the local effective one at any given latitude.
Probably, the rise in latitude from Eq. (8) is overestimated, if
the local α at higher latitudes is intrinsically higher than the equa-
torial one, as we suspect. We can test for the effects of compo-
sition pollution by comparing the properties of the bursts in each
accretion rate branch. For example, in the case of 4U 1636–536,
when the burst rate is rising we commonly see a wide range of burst
timescales τ (the ratio of the burst fluenceEb to the peak flux Fpk),
with the largest values indicative of mixed H/He burning consistent
with the assumed accretion composition (Figure 3). At the highest
accretion rates, numerical models would predict high burst rates
providing less time for reducing the H-fraction below that of the
accreted material. Instead, we find increasingly infrequent bursts,
with short timescales suggesting instead H-poor material. If this
material is due to pollution from lower latitudes, because of (par-
tial) stable burning, it may actually be depleted in CNO material,
similar to the effect observed in the short waiting time bursts of
Keek & Heger (2017). In this case, heating from nuclear burning
could be reduced and burst rate decreased. The effect of additional
burning ashes that are neither H, He, nor CNO remains to be ex-
plored.
We performed a two-sided Kolmogorov-Smirnov test on the
τ of the bursts of each of our sources, dividing them at the γ of
the break between the two branches (M˙c values in Table 2). The
corresponding p-values for the null hypothesis that the two samples
of τ follow the same distribution are: KS 1731–260: 4.39× 10−4,
Aql X–1: 1.03 × 10−1, EXO 0748–676: 4.77 × 10−1, 4U 1636–
536: 1.32× 10−9 and 4U 1608–522: 1.37 × 10−4. The values for
KS 1731–260, 4U 1636–536 and 4U 1608–522 indicate that there is
little probability that the τ are from the same distribution, therefore
supporting our picture. The results for Aql X–1 and EXO 0748–676
are less straightforward. In the case of Aql X–1, however, which
can still be rejected at ∼ 10% confidence level, the bins on each
branch are very close to the break, so that the burst may still have
very similar composition. In the case of EXO 0748–676 we only
have one bin after the break because of very few bursts detected
at the highest accretion rates, so that, again, a good fraction of the
bursts in the second sample could be from when the composition
is still not significantly different from the one setting the behaviour
on the first branch.
We have compared the measured α to a library of models
run in different conditions (Johnston et al. 2018; Goodwin et al.
2019b,a). We found that it is possible to obtain such high values
by changing only the composition, if we combine low H fraction
(X ∼ 0.2) with also very low CNO metallicity (ZCNO ∼ 0.005).
This would be consistent with mixing polewards (to the burst lat-
itudes) material that underwent partial steady burning and CNO
breakout close to the equator. These processes both increase He
and destroy CNO, converting it to heavier elements that do no ex-
hibit efficient cycles (Keek & Heger 2017). This may be combined
with area ‘losses’ due to stabilisation. With more detailed data and
models this approach could be applied more precisely and it would
enable us to follow the evolution of the ignition on the surface at
the various accretion rates.
4.3 The role of different accreted composition and burning
regimes
Assuming that the conditions for stability are mainly dependent on
the spin of the star, we have fitted a linear relation between the crit-
ical accretion rate log M˙c and the star spin log ν (see Figure 4 and
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Figure 3. Distribution of burst timescale τ (the ratio of the burst fluence
Eb to the peak flux Fpk) for bursts from 4U 1636–536 at low and high
accretion rates. Note the strong preference for short duration bursts (similar
to bursts from H-poor material) at high accretion rates, when long, frequent
bursts would be expected.
Cavecchi et al. 2017). The figure shows that the critical log M˙s do
indeed align very well. The only outlier is EXO 0748–676. EXO
0748–676 is a “dipper”, which indicates a high system inclination,
such that the outer edge of the accretion disk partially obscures
the persistent (and burst) emission from the neutron star. We at-
tempted to take the high inclination into account by choosing spe-
cific anisotropy factors for this source, as noted in Table 1. The
anisotropy factors shift the value of log M˙ and therefore also of
log M˙c: it seems plausible that these anisotropy factors could be
exaggerated. Nonetheless, the other data points do point to a com-
mon behaviour for the other sources. Excluding EXO 0748–676,
the fit yielded the values: log M˙c = −4.194 log ν + 10.339.
This inverse relation between log M˙c and ν is what explains
also why some sources display only the first or the second branch
(Cornelisse et al. 2003). If they are rotating too slow, they may not
experience sufficiently high accretion rate to reach their log M˙c or,
vice versa, if they spin too fast even a low accretion rate could be
above their log M˙c (Cavecchi et al. 2017).
One caveat is that to be able to fit log M˙c versus log ν we are
implicitly assuming that all these sources accrete the same compo-
sition. Some of the discrepancies could be indeed related to (slight,
but effective) differences in the composition of the companions,
such as metallicity. Comparing the plots in Figure 1 one may be
tempted to qualitatively combine Aql X–1 and 4U 1608–522 (orbits
of 19 hr and 12.89 hr, Chevalier & Ilovaisky 1991; Wachter et al.
2002) in one category and KS 1731–260, EXO 0748–676 and 4U
1636–536 (orbits of ∼ 1 hr, 3.82 hr and 3.8 hr, Muno et al. 2000;
Crampton et al. 1986; van Paradijs et al. 1990) in another group.
While the orbital periods may indicate a similarity in the binary
evolution stage and therefore the composition of the companion,
which may provide an initial confirmation of this grouping, our
analysis is too limited at the moment to support this conclusion.
The effect of the accreted composition was clear when we
also analysed two additional sources: 4U 1702-429, ν = 329Hz
(Marshall et al. 1977; Markwardt et al. 1999), and 4U 1728-34,
ν = 364Hz (Hoffman et al. 1976; Strohmayer et al. 1996).
These two sources are thought to be pure helium accretors in
short orbit systems (in’t Zand et al. 2007; Misanovic et al. 2010;
MNRAS 000, 1–9 ()
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Figure 4. The log M˙c from the fit to the data in Figure 1. The line is a fit to
these critical values.
Galloway et al. 2010; Vincentelli et al. 2020), whereas the others
are thought to accrete a composition which is richer in hydrogen.
These two sources display a different behaviour from the others.
The burst rate increases constantly with accretion rate, while the α
parameter remains around the same values, ∼ 1.60 - 2.3, showing
a slight increase with burst rate and, thus, accretion rate. This dif-
ference is not in contrast to our interpretation, since the difference
in accretion composition is expected to lead to different parame-
ters for the value of the critical accretion rate of the turn over (see
Cavecchi et al. 2017).
4.4 Outlook
A more comprehensive examination of the accretion rates at which
mHz QPOs occur in the sources other than 4U 1636–536 may help
to add further evidence to support the link between stable burning
and the second branch, where the burst rate falls and the α-value
rises. There is extensive archival data available that can address this
question. Furthermore, upcoming satellites like eXTP (Zhang et al.
2019) or STROBE-X (Ray et al. 2019) have the instrumental capa-
bilities to deliver exquisite data of Type I X-ray bursts and they
will target accreting neutron stars which are also bursters for their
core science cases. We suggest that a long monitoring campaign,
that would track the evolution of these and other sources with mass
accretion rate, would be key to clarify the 2D nature of burning on
accreting neutron stars, by providing more resolved data bins for
better fits of the branching of burst rate and α value. In the mean-
time, more accurate numerical modelling of the fluid distribution
over the surface will provide a more precise model of the differ-
ent ignition conditions on the star. Gathering this information will
make it possible to resolve transitions between different burning
regimes and clarify whether the second branch evolution is due to
a different burning regime which gives decreasing burst rate or if
there is a wake of stabilisation and ignition in matter with different
surface composition.
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